We discuss the link between the chiral symmetry of QCD and the numerical results of the lightfront quark model (LFQM), analyzing both the two-point and three-point functions of a pseudoscalar meson from the perspective of the vacuum fluctuation consistent with the chiral symmetry of QCD. The two-point and three-point functions are exemplified in this work by the twist-2 and twist-3 distribution amplitudes of a pseudoscalar meson and the pion elastic form factor, respectively. The present analysis of the pseudoscalar meson commensurates with the previous analysis of the vector meson two-point function and fortifies our observation that the light-front quark model with effective degrees of freedom represented by the constituent quark and antiquark may provide the view of effective zero-mode cloud around the quark and antiquark inside the meson. Consequently, the constituents dressed by the zero-mode cloud may be expected to satisfy the chiral symmetry of QCD. Our results appear consistent with this expectation and effectively indicate that the constituent quark and antiquark in the LFQM may be considered as the dressed constituents including the zero-mode quantum fluctuations from the vacuum.
I. INTRODUCTION
Hadronic distribution amplitudes (DAs) provide essential information on the QCD interaction of quarks, antiquarks and gluons inside the hadrons and play an essential role in applying QCD to hard exclusive processes. They are the longitudinal projection of the hadronic wave functions obtained by integrating the transverse momenta of the fundamental constituents [1] [2] [3] . These nonperturbative quantities are defined as vacuum-to-hadron matrix elements of particular nonlocal quark or quark-gluon operators and thus encode important information on bound states in strong interaction physics. It has motivated many studies using various nonperturbative models [4] [5] [6] [7] [8] [9] [10] [11] and led to develop distinct phenomenological models over the past two decades. Among them, the light-front quark model (LFQM) appears to be one of the most efficient and effective tools in hadron physics as it takes advantage of the distinguished features of the light-front dynamics (LFD) [12] . In particular, the LFD carries the maximum number (seven) of the kinetic (or interaction independent) generators and thus the less effort in dynamics is necessary in order to get the QCD solutions that reflect the full Poincaré symmetries. Moreover, the rational energy-momentum dispersion relation of LFD, namely p − = (p 2 ⊥ + m 2 )/p + , yields the sign correlation between the LF energy p − (= p 0 − p 3 ) and the LF longitudinal momentum p + (= p 0 + p 3 ) and leads to the suppression of quantum fluctuations of the vacuum, sweeping the complicated vacuum fluctuations into the zero-modes in the limit of p + → 0 [13] [14] [15] . This simplification is a remarkable advantage in LFD and facilitates the partonic interpretation of the amplitudes. Based on the advantages of the LFD, the LFQM has been developed [16] and subsequently applied for various meson phenomenologies such as the mass spectra of both heavy and light mesons [17] , the decay constants, DAs, form factors and generalized parton distributions [7, 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Despite these successes in reproducing the general features of the data, however, it has proved very difficult to obtain direct connection between the LFQM and QCD. To discuss the link between the chiral symmetry of QCD and the numerical results of the LFQM, we recently presented a self-consistent covariant description of vector meson decay constants and chirality-even quark-antiquark DAs up to twist 3 in LFQM [25] . Although the meson decay amplitude described by a two-point function could be regarded as one of the simplest possible physical observables, it is interesting that this apparently simple amplitude bears abundant fundamental information on QCD vacuum dynamics and chiral symmetry. In particular, we discussed the zero-mode issue in the LFQM prediction of vector meson decay constants from the perspective of the vacuum fluctuation consistent with the chiral symmetry of QCD and extended the exactly solvable manifestly covariant Bethe-Salpeter (BS) model calculation to the more phenomenologically accessible realistic LFQM.
To discuss the nature of the LF zero-mode in meson decay amplitude, we may denote the total LF longitudinal momentum of the meson, P + = k ] on from the antiquark propagator. However, it is crucial to note that the poles move to infinity (or fly away in the complex plane) as the LF longitudinal momentum, either k
, goes to zero [26] . Unless the contribution from the pole flown into infinity vanishes, it must be kept in computing the physical observable that must reflect the full Poincaré symmetries. Since such contribution, if it exists, appears either from k + Q = 0 and k + Q = P + or from k + Q = 0 and k + Q = P + , we call it as the zero-mode contribution. In the case of two-point function for the computation of the meson decay constant, the zero-mode contribution is thus locked into a single point of the LF longitudinal momentum, i.e. either k + Q = 0 where k
As one of the constituents of the meson carries the entire momentum P + of the meson in this case, the other constituent carries the zero LF longitudinal momentum that can be regarded as the zero-mode quantum fluctuation linked to the vacuum. This link is due to a pair creation of particles with zero LF longitudinal momenta from the vacuum and it is important to capture the vacuum effect for the consistency with the chiral symmetry properties of the strong interactions [27] . With this link, the zero-mode contribution in the meson decay process can be considered effectively as the effect of vacuum fluctuation consistent with the chiral symmetry of the strong interactions. In this respect, the LFQM with effective degrees of freedom represented by the constituent quark and antiquark may be linked to the QCD since the zero-mode link to the QCD vacuum may provide the view of an effective zero-mode cloud around the quark and antiquark inside the meson. Although the constituents are dressed by the zero-mode cloud, they are still expected to satisfy the chiral symmetry consistent with the QCD. Our numerical results [25] were indeed consistent with this expectation and effectively indicated that the constituent quark and antiquark in the standard LFQM [7, 16, 23, 24, [28] [29] [30] could be considered as the dressed constituents including the zero-mode quantum fluctuations from the QCD vacuum.
Since the constituent quark and antiquark used in the LFQM have already absorbed the zero-mode cloud, the zero-mode contribution in the LFQM may not be as explicit as in the manifestly covariant model calculation although it effectively provides the consistency with the chiral symmetry. The standard light-front (SLF) approach of the LFQM, with which the observables are directly computed in 3-dimensional LF momentum space, is not amenable to determine the zero-mode contribution by itself and thus it has been a common practice to utilize an exactly solvable manifestly covariant BS model to check the existence (or absence) of the zero-mode as one can pin down the zero mode exactly in the manifestly covariant BS model. Within the covariant BS model, we indeed found the nonvanishing zero modes in the vector meson decay amplitude and identified the corresponding zero-mode operators that can be applied to the LFQM. We also found the self-consistent correspondence relations (see e.g. Eq. (49) in [25] ) between the covariant BS model and the LFQM that allow the substitution of the radial and spin-orbit wave functions of the exactly solvable model by the more phenomenologically accessible model wave functions that can be provided by the LFQM analysis of meson masses [16] . What is remarkable in our finding [25] is that the nonvanishing zero-mode contributions as well as the instantaneous ones to the vector meson decay amplitude appeared in the covariant BS model now vanish explicitly when the phenomenological wave function such as the Gaussian wave function in LFQM is used through the aforementioned correspondence relation. In another words, the decay constants and the quark DAs of vector mesons can be obtained only from the on-mass-shell valence contribution within the framework of the standard LFQM [16, 23, 24, [28] [29] [30] [31] [32] [33] [34] using the Gaussian radial wave function and they still satisfy the chiral symmetry consistent with the QCD.
One of the key ingredients for this finding is the isospin symmetry, namely, the symmetric DAs for the equal quark and antiquark bound state mesons (e.g. ρ meson). Under the exchange of the LF longitudinal momentum fraction of the quark and antiquark, x ↔ (1 − x), the DA of the meson with the two equal-mass constituents must be symmetric, φ(x) = φ(1 − x). We exploited this fundamental constraint anticipated from the isospin symmetry to identify the correct DAs in LFQM. The twist-2 and twist-3 DAs of the ρ meson obtained only from the on-mass-shell valence constituents in LFQM [25] not only satisfy this constraint anticipated from the isospin symmetry but also reproduce the correct asymptotic DAs in the chiral symmetry limit. Knowing that the higher-twist DAs may come from the contributions of the higher Fock-states such as pair terms as well as the transverse motion of constituents in the leading twist components [4] [5] [6] , we should further attest that our LFQM formulation for the twist-3 DA is indeed simple without involving zero modes and thus the connected contributions to the current arising from the vacuum disappear in our LFQM calculation, yet preserves all the necessary constraints anticipated from the isospin symmetry and the chiral symmetry.
The purpose of this work is to extend our previous work to analyze the decay amplitude related with twist-3 DAs of a pseudoscalar meson within the LFQM and show that the analysis of pseudoscalar mesons fortify our previous conclusion drawn from the vector meson case [25] . That is, the treacherous points such as the zero-mode and the instantaneous contributions present in the covariant BS model disappear in the standard LFQM with the Gaussian radial wave function but nevertheless satisfy the chiral symmetry. The twist-3 DAs of a pseudoscalar meson appear to play an important role in constraining our LFQM to be consistent with the conclusion drawn from our previous analysis of the vector meson decay constant. The twist-2 DA of a pseudoscalar meson has been analyzed in our previous work of LFQM [7] . Essentially, there are two independent twist-3 two-particle DAs of a pseudoscalar meson, namely, φ [4] [5] [6] [8] [9] [10] [11] corresponding to pseudoscalar and tensor channels of a meson (M ), respectively. In this work, we shall study φ 
and
where z 2 = 0 and the path-ordered gauge link (Wilson line) [z, −z] for the gluon fields between the points −z and z is equal to unity in the light-cone gauge A(z) · z = 0 which we take throughout our calculation. P is the four-momentum of the meson (P 2 = m 
In order to check the existence (or absence) of the zero mode, we again utilize the same manifestly covariant model used in the analysis of the vector meson decay constant [25] and then substitute the vertex function with the more phenomenologically accessible Gaussian radial wave function provided by our LFQM. We shall show that the analysis of the decay constants and twist-2 and twist-3 two-particle DAs of pseudoscalar mesons confirms our previous conclusion drawn for the vector meson analysis [25] . Namely, the treacherous points such as the zero-mode and the instantaneous contributions appeared in the covariant BS model do not show up explicitly in the standard LFQM with the Gaussian radial wave function but nevertheless satisfy the chiral symmetry.
In addition, we show that our findings of the zero-mode complication in two-point function is directly applicable to the three-point function with the analysis of the pion elastic form factor. The analyses of the pion form factor using the plus component (J + em ) of the LF currents have been done in many earlier works [36] [37] [38] [39] and proved that the pion form factor is immune to the zero-mode contribution when the plus component of the currents is used. Particularly, in our LFQM analysis of the pion form factor [38, 39] , we have shown that the usual power-law behavior of the pion form factor obtained in the perturbative QCD analysis can also be attained by taking negligible quark masses in our nonperturbative LFQM analysis, confirming the anti-de Sitter space geometry/conformal field theory (AdS/CFT) correspondence [40] . In this work, we analyze the pion form factor using the perpendicular components (J ⊥ em ) of the currents. Within the covariant BS model, we find that the form factor obtained in the q + = 0 frame with J ⊥ em receives only the valence contribution including both the on-mass-shell quark propagating part and the off-massshell instantaneous part without involving a zero mode. Applying this to the LFQM, we find that the nonvanishing instantaneous contribution appeared in the BS model does not appear and just the on-mass-shell propagating part contributes in the LFQM. This example of the three-point function provides an evidence that the conclusion drawn in the LFQM analysis of the two-point function is also applicable to the three-point function.
The paper is organized as follows. In Sec. II A, we discuss the decay amplitude of a pseudoscalar meson described by the two-point function and the pion form factor described by three-point function in an exactly solvable model based on the covariant BS model of (3+1)-dimensional fermion field theory. We mainly perform our LF calculation for the decay amplitude corresponding to the twist-3 DA φ P 3;M and the pion form factor using J ⊥ em and check the LF covariance of them within the covariant BS model. Especially, we discuss how to identify the zero-mode contribution and find the corresponding zero-mode operator. In Sec. III, we present the standard LFQM with the gaussian wave function and discuss the correspondence linking the manifestly covariant model to the standard LFQM. The selfconsistent covariant descriptions of the meson decay constants as well as the twist-2 and twist-3 two-particle DAs of pseudoscalar mesons in the standard LFQM are given in this section. In Sec. IV, we present our numerical results for the explicit demonstration of our findings. Summary and discussion follow in Sec. V.
Feynman diagram for the one-quark-loop evaluation of the meson decay amplitude in the momentum space.
II. MANIFESTLY COVARIANT MODEL
A. Two-point function: decay amplitude Defining the local matrix elements M α ≡ 0|qΓ α q|M (P ) (α = A, P) for axial-vector (Γ A = γ µ γ 5 ) and pseudoscalar (Γ P = iγ 5 ) channels of Eqs. (1) and (2), we write the one-loop approximation (see Fig. 1 ) as a momentum integral
where N c denotes the number of colors. The denominators
come from the quark propagators of mass m q and mq carrying the internal four-momenta p = P − k and k, respectively. In order to regularize the covariant loop, we use the usual multipole ansatz [18, 25, 41, 42] for thebound-state vertex function
where N Λ = p 2 −Λ 2 +iε, and g and Λ are constant parameters. Although the vertex function H 0 could be symmetrized in the four momenta of the constituent quarks for further study, we take a simplest possible regularization in this work as a tool to analyze the zero-mode complication in the exactly solvable model. In the same vein, although the power n for the multipole ansatz could be n ≥ 2 to regularize the loop integral, we take the lowest possible power n = 2 since our qualitative results in terms of the zero-mode issue do not depend on the value of n.
The trace term S α in Eq. (4) is given by
We have already computed the matrix element M A of the axial-vector channel in the Appendix B of Ref. [25] and have shown that M A (i.e. the decay constant of a pseudoscalar meson) obtained from the plus component of the currents is immune to the zero mode. Therefore, we shall discuss the pseudoscalar channel and the associated twist-3 DA φ P 3;M in this work. After a little manipulation, we obtain the manifestly covariant result for M P as follows
where
For the LF calculation in parallel with the manifestly covariant one, we separate the trace term S P in Eq. (6) into the on-mass-shell propagating part [S P ] on and the off-mass-shell instantaneous part [
is used in our analysis. Furthermore, we take the reference frame where P ⊥ = 0, i.e., P = (P + , M 2 /P + , 0). In this case, the LF energies of the on-mass-shell quark and antiquark are given
, where x = p + /P + is the LF longitudinal momentum fraction of the quark.
For the integration over k − in Eq. (4), one may close the contour in the lower half of the complex k − plane and pick up the residue at k − = k − on in the region 0 < k + < P + (or 0 < x < 1). We denote the valence contribution to M P which is obtained by taking k
with n = 2 and
Here, the trace term for the valence contribution, i.e.
where the binding energy term
0 stems from the instantaneous contribution. We find numerically that [M P ] LF val in Eq. (9) is not identical to the manifestly covariant result M P cov in Eq. (7). This indicates that the decay amplitude M P receives the LF zero-mode contribution. The LF zero-mode contribution to M P comes from the singular p − (or equivalently 1/x) term in S P in the limit of x → 0 when p
The necessary prescription to identify zero-mode operator corresponding to p − is analogous to that derived in the previous analyses of weak transition form factor calculations [17, 18, 21] , except that there is no momentum transfer q dependence. As extensively discussed in the previous works [17, 18, 21, 25] , we now identify the zero-mode operator [S P ] Z.M. by replacing p − with −Z 2 in Eq. (13), i.e.
can be effectively included in the valence region as follows
and it is given by
It can be checked that Eq. (15) is identical to the manifestly covariant result of Eq. (7). Although the amplitude M A = if M P µ for the axial vector channel is proven to be immune to the zero mode when the plus component (µ = +) of the currents is used and its form is given in Ref. [25] , we display it here again for completeness in the form of a pseudoscalar meson decay constant:
where A = (1 − x)m q + xmq. The electromagnetic form factor of a pion is defined by the matrix elements of the current J µ em :
where e m is the charge of the meson and q 2 = (P − P ′ ) 2 is the square of the four momentum transfer. The covariant diagram shown in Fig. 2 
with p 1 = P − k and p 2 = P ′ − k. Here, we take m q = mq = m for the pion. The vertex functions are given by
In this case, we take the power n for the multipole ansatz to be simply 1, since our qualitative results in conjunction with the zero-mode issue do not depend on the value of n. The rest of the denominator factor N p from the intermediate quark propagator with momentum p = (p 1 , p 2 , k) is given by N p = p 2 − m 2 + iǫ. Using the usual Feynman parametrization, we obtain the manifestly covariant result as follows
Since the LFD analysis has already shown [36, 43] that the pion form factor is immune to the zero-mode contribution when the plus component of the currents is used, we shall now explore the perpendicular components (µ =⊥) of the currents to see if the treacherous points such as the zero-modes exist or not. In order to check the existence/absence of the zero-mode contribution to the hadronic matrix element given by Eq. (19), we first choose q + > 0 frame and then take q + → 0 limit. In the q + > 0 frame, the covariant diagram Fig. 2(a) corresponds the sum of the LF valence diagram Fig. 2 (b) defined in 0 < k + < P ′+ region and the nonvalence diagram Fig. 2 (c) defined in P ′+ < k + < P + region. The large white and black blobs at the meson-quark vertices in (b) and (c) represent the ordinary LF wave function and the nonvalence wave function vertices [36, 44] , respectively. Defining ∆ = q + /P + and the longitudinal momentum fraction factor x = p
for the struck (spectator) quark, we should note that the nonvalence region (i.e. 0 < x < ∆) of integration shrinks to the end point x = 0 in the q + → 0 (i.e. ∆ → 0) limit. The virtue of taking q + = 0 frame is to obtain the form factor by calculating only the valence diagram (i.e. 0 < x < 1) because the nonvalence diagram does not contribute if the integrand is free from the singularity in p
In the q + = 0 frame with P ⊥ = 0, the photon momentum is transverse to the direction of the incident pion with the spacelike momentum transfer q 2 ⊥ ≡ Q 2 = −q 2 . In this frame, one obtains the relations between the current matrix elements and the pion form factor as follows:
The trace term in Eq. (20) can again be separated into on-mass-shell propagating part and off-mass-shell instantaneous one as
Note that Eq. (24) is valid only for µ = + or ⊥.
In the valence region 0 < k + < P ′+ (or 0 < x < 1) of q + → 0 limit, the pole k − = k − on is located in the lower half of the complex k − -plane. Performing the LF energy k − integration of Eq. (19), we obtain the valence contribution to
The LF vertex function χ of the initial state is given by Eq. (10) but with n = 1
1 . The final state vertex function χ ′ is equal to χ(x, k ⊥ → k ′ ⊥ ). From Eqs. (22)- (24), we get the LF valence contributions to the pion form factor
for µ = + and
for µ =⊥, respectively. We note that while the valence contribution for the plus current comes solely from the on-shell propagating part (i.e. [F π ]
), the valence contribution for the perpendicular currents results not only from the on-shell propagating part but also from the instantaneous part (i.e. [F π ]
We should note that while both [ 
LF(⊥) val
is finite due to the cancellation of the infinity. Furthermore, we find from our numerical computation that the three results [ 
III. APPLICATION TO STANDARD LIGHT-FRONT QUARK MODEL
In the standard LFQM [16, 23, 24, [28] [29] [30] [31] [32] [33] [34] , the wave function of a ground state pseudoscalar meson (J PC = 0 −+ ) as abound state is given by
where φ R is the radial wave function and the spin-orbit wave function R λλ with the helicity λ(λ) of a quark(antiquark) is obtained by the interaction-independent Melosh transformation [45] from the ordinary spin-orbit wave function assigned by the quantum numbers J P C . We use the Gaussian wave function for φ R , which is given by
and β is the variational parameter fixed by the analysis of meson mass spectra [16] . The longitudinal component k z is defined by k z = (x − 1/2)M 0 + (m 
The covariant form of the spin-orbit wave function R λλ is given by
and it satisfies λλ R † λλ R λλ = 1. Thus, the normalization of our wave function is then given by
In our previous analysis of the decay constant and the twist-2 and twist-3 DAs of a vector meson [25] , we have shown that standard light-front (SLF) results of the LFQM is obtained by the the replacement of the LF vertex function χ in the BS model with the Gaussian wave function φ R as follows (see Eq. (49) in [25] ):
where m M → M 0 implies that the physical mass m M included in the integrand of BS amplitude has to be replaced with the invariant mass M 0 since the SLF results of the LFQM are obtained from the requirement of all constituents being on their respective mass-shell. The correspondence in Eq. (35) 
where φ R (φ ′ R ) is the initial (final) state radial wave function. Eqs. (36) and (37) are exactly the same as those previously obtained from the SLF approach, e.g. see Ref. [7, 16] . We should note that both Eqs. (36) and (37) are the TABLE I: The constituent quark mass mq (in GeV) and the gaussian parameters βqq (in GeV) for the linear and HO confining potentials obtained from the variational principle in our LFQM [7, 16, 24] . q = u and d. 
We now apply the correspondence given by Eq. (35) to the decay amplitude M P (= f M µ M ) for pseudoscalar channel given by Eq. (15) to obtain the corresponding LFQM amplitude: can be easily seen from the fact that only the even term in S P with respect to x survives in the SU (2) 
For the pion (m = m q = mq) case, we should note µ π = −2/f 
IV. NUMERICAL RESULTS
In our numerical calculations within the standard LFQM, we use two sets of model parameters (i.e. constituent quark masses m q and the gaussian parameters β) for the linear and harmonic oscillator (HO) confining potentials given in Table I , which was obtained from the calculation of meson mass spectra using the variational principle in our LFQM [7, 16, 24] .
Our LFQM predictions for the decay constants of π and K mesons, f We then obtain the quark condensate, which enters the normalization of twist-3 pion DA φ can be even checked analytically by changing the transverse momentum variables into symmetric ones in the integrand as follows:
for the linear [HO] potential parameters. Our LFQM results, especially the one obtained from HO parameters, are quite comparable with the commonly used phenomenological value= −(250MeV) 3 .
Defining the LF wave function ψ
A(P)
2(3);π (x, k ⊥ ) for the twist-2 axial-vector (twist-3 pseudoscalar) channel as
the n-th transverse moment is obtained by
The authors in Refs. [47, 48] have shown that the second transverse moment can be given in terms of the quark condensateand the mixed quark-gluon condensates igqσ · Gq :
where G a µν is a gluon field strength and σ · G = σ µν G µν . Note that the formula for the axial-vector channel is an approximate one since the soft pion theorems apply strictly only for the pseudoscalar channel [8] .
For the pion case, our results of the second transverse moments for the axial-vector and the pseudoscalar channels obtained from the linear [HO] parameters are k
, respectively. Especially, the ratio k
.558 obtained from the linear parameters is in good agreement with the QCD sum-rule result, 5/9 [47] , and the nonlocal chiral model result, 0.54 ∼ 0.56 [8] . Using Eq. (44) for the pseudoscalar channel, we also estimate the value of the mixed condensate of dimension 5 as
for the linear [HO] parameters. Especially, the result obtained from the linear parameters is in an excellent agreement with the the result obtained from the direct calculation in the instanton model [49] which gives igqσ · Gq = −(490 MeV) 5 . For the kaon case, we obtain k
653] for the linear [HO] parameters. From the point of view of QCD, the quark DAs of a hadron depend on the scale µ which separates nonperturbative and perturbative regimes. In our LFQM, we can associate µ with the transverse integration cutoff via |k ⊥ | ≤ µ, which is the usual way how the normalization scale is defined for the LF wave function (see, e.g. Ref. [1] ). In order to estimate this cutoff value, we made a 3-dimensional plot for the LF wave function ψ P 3;π(K) (x, k ⊥ ) in the form of ψ P 3;π(K) (x, y) by changing the variable k 2 ⊥ = y/(1 − y) so that y ranges from 0 to 1. Fig. 3 shows the 3D plot (left panel) and the corresponding 2D contour plot (right panel) for ψ P 3;π (x, y) (upper panel) and ψ P 3;K (x, y) (lower panel) that we obtain with the linear parameters listed in Table I . We note that we assign the momentum fraction x for s-quark and (1 − x) for the light u(d)-quark for K meson case. In fact, we obtain the twist-3 quark DAs by performing the transverse integration up to infinity (or equivalently y up to 1) without loss of accuracy due the presence of Gaussian damping factor. However, as one can see from the contour plots in Fig. 3 , only the range of 0 ≤ y ≤ 0.47 contribute to the integral for both π and K meson cases. This implies that our cutoff scale corresponds to y ≃ 0.47 or equivalently µ ≃ |k ⊥ | ≃ 1 GeV for the calculation of the twist-3 π and K meson DAs. Since the twist-2 quark DAs for π and K mesons were given in our previous work [7] , we do not show them in this work again but note that the scale µ for the twist-2 DA is slightly smaller than that for the twist-3 DA. Considering both twist-2 and twist-3 DAs of π and K mesons, our numerical results show the range of scale µ as 0.75 ≤ µ ≤ 1 GeV.
We show in Fig. 4 the twist-3 DAs φ mesons obtained from our LFQM can be found in [7] . We also compare our results with the the asymptotic DA [φ P 3;M ] as (x) = 1 (dotted line) [4] as well as the QCD sum-rule (QCDSR) prediction (dot-dashed line) [6] , which were obtained at the renormalization scale µ = 1 GeV. For the pion case, our results obtained from both model parameters not only show the symmetric forms anticipated from the isospin symmetry but also reproduce the exact asymptotic result [φ P 3;π ] as (x) = 1 in the chiral symmetry (m q → 0) limit. This exact asymptotic result φ
as (x) in the chiral symmetry limit is consistent with the conclusion drawn from our previous analysis [25] of the twist-2 (φ || 2;ρ (x)) and twist-3 (φ ⊥ 3;ρ (x)) ρ meson DAs. Remarkably, both DAs reproduce the exact asymptotic DAs in the chiral symmetry limit. This example shows again that our LFQM prediction satisfies the chiral symmetry consistent with the QCD as one correctly implements the zero-mode link to the QCD vacuum. It is also interesting to note that while our results of φ P 3;π (x) become zero at the end points of x unless the asymptotic limit is taken, while the QCD sum-rule result of Ref. [6] does not vanish at the end points. The main reason for the discrepancy between the two models is that the QCD sum-rule results are based on the chiral symmetry(m = 0) limit but our results (unless asymptotic) are based on the nonvanishing constituent quark model. In the asymptotic limit, our results exhibit also the nonvanishing behavior at the end points of x. For the K meson case, φ 
where [φ 
Models
Twists a can be obtained from [9] a A n,M (x) = 4n + 6 3n 2 + 9n + 6
The Gegenbauer moments with n > 0 describe how much the DAs deviate from the asymptotic one. In addition to the Gegenbauer moments, we can also define the expectation value of the longitudinal momentum, so-called ξ(= 2x − 1)-moments, as follows:
In Table II , we list the calculated Gegenbauer moments and ξ moments of twist-2 and twist-3 pion DAs obtained from the linear and HO potential models at the aforementioned scale µ ∼ 1 GeV. Although the results of twist-2 pion DA were listed in our previous work [7] , we list them here again by increasing the significant figures for completeness of this work. We also compare our results of twist-3 DAs with other model estimates calculated at the scale µ = 1 GeV, e.g. QCD sum-rules [5, 6, 10, 11] and the chiral quark model (χQM) [9] . As expected from the isospin symmetry, all the odd Gegenbauer and ξ moments vanish. It is interesting to note within our LFQM predictions that a TABLE III: The Gegenbauer moments and ξ moments of twist-2 and twist-3 K meson DAs obtained from the linear and HO potential models compared other model estimates.
Twists a [5, 6, 10, 11] but consistent with the chiral quark model predictions [9] . Again, the differences between our LFQM and QCD sum-rule may be attributed to different treatment of constituent quark masses as we discussed about the results shown in Fig. 4 .
In Table III , we display the calculated Gegenbauer moments and ξ moments of twist-2 and twist-3 K meson DAs obtained from the linear and HO potential models and compare them with other model predictions. For the kaon case, the odd moments are nonzero due to the flavor SU(3) symmetry breaking and the first moments a A(P) 1,K is proportional to the difference between the longitudinal momenta of the strange and nonstrange quarks in the two-particle Fock component. We note within our LFQM predictions that the SU(3) symmetry breaking effects are rather significant for the twist-3 DA than for the twist-2 DA [7] . Our results for the twist-3 φ P 3;K are overall in good agreement with those of the χQM [9] except the values of the first moment a P 1,K and ξ 1 P K with an order-of-magnitude difference between the two models, which may be understandable because the degree of SU(3) symmetry breaking in χQM [9] is rather small compare to our LFQM prediction. The shape of φ P 3;K obtained from χQM [9] is very close to the symmetric and flat shape while the corresponding result from our LFQM has a rather sizable asymmetric form.
In Fig. 5 , we show our numerical results of the pion electromagnetic form factor from F
using the linear (solid line) and HO (dashed line) potential parameters and compare with the available experimental data [50] [51] [52] up to the Q 2 ∼ 8 GeV 2 region. In our previous LFQM analysis of the pion form factor [38, 39] , we have also shown that the usual power-law behavior of the pion form factor obtained in the perturbative QCD analysis can also be attained by taking negligible quark masses in our nonperturbative LFQM, confirming the anti-de Sitter space geometry/conformal field theory (AdS/CFT) correspondence [40] .
V. SUMMARY AND DISCUSSION
As the zero-mode contribution is locked into a single point of the LF longitudinal momentum in the meson decay process, one of the constituents of the meson carries the entire momentum of the meson and it is important to capture the effect from a pair creation of particles with zero LF longitudinal momenta from the strongly interacting vacuum. The LFQM with effective degrees of freedom represented by the constituent quark and antiquark may thus provide the view of effective zero-mode cloud around the quark and antiquark inside the meson. Consequently, the constituents dressed by the zero-mode cloud may be expected to satisfy the chiral symmetry of QCD. Our results of this work for pseudoscalar mesons and the previous work for vector mesons were consistent with this expectation and effectively indicated that the constituent quark and antiquark in the standard LFQM could be considered as the dressed constituents including the zero-mode quantum fluctuations from the QCD vacuum.
In particular, we have discussed a wave function dependence of the LF zero-mode contributions to the twist-3 two-particle DA φ BS model and the more phenomenologically accessible realistic LFQM using the the standard LF (SLF) approach following our previous work [25] . As the SLF approach within the LFQM by itself is not amenable to determine the zero-mode contribution, we utilized the covariant BS model to check the existence (or absence) of the zero-mode. Performing a LF calculation in the covariant BS model using the multipole typebound state vertex function, we found that the twist-3 φ P 3;M receives both the zero-mode and the instantaneous contributions and identified the zero-mode operator corresponding to the zero-mode contribution. We then linked the covariant BS model to the standard LFQM following the same correspondence relation Eq. (35) between the two models that we found in the vector meson decay amplitude [25] and substituted the LF vertex function in the covariant BS model with the more phenomenologically accessible Gaussian wave function provided by the LFQM analysis of meson mass [16] . The remarkable finding is that the zero-mode contribution as well as the instantaneous contribution revealed in the covariant BS model become absent in the LFQM with the Gaussian wave function. Without engaging any of those treacherous contributions, our LFQM result of twist-3 DA φ P 3;M not only satisfies the fundamental constraint (i.e. symmetric form with respect to x) anticipated from the isospin symmetry but also provides the consistency with the chiral symmetry (e.g. the correct asymptotic form in the chiral symmetry limit) expected from the QCD. This observation commensurates our previous observation made in the analysis of vector meson decay process [25] .
We have also shown that our treatment of the treacherous points in two-point function is directly applicable to the three-point function, analyzing the pion elastic form factor F π (Q 2 ) in the q + = 0 frame both with the plus component (J + em ) and the perpendicular component (J ⊥ em ) of the current. This analysis portrayed that the instantaneous contribution appeared in the covariant BS model became absent in the LFQM. It supports the conclusion drawn from the analysis of the two-point function.
From the self-consistent covariant description of the twist-3 φ 
5 of the direct calculation in the instanton model [49] . Moreover, our numerical results of φ P 3;π not only show the symmetric forms anticipated from the isospin symmetry but also reproduce the exact asymptotic result [φ P 3;π ] as (x) = 1 in the chiral symmetry (m q → 0) limit. For the kaon case, the results of φ P 3;K show asymmetric form as expected from the flavor SU(3) symmetry breaking. Our results for the Gegenbauer moments and ξ moments of twist-3 pion and kaon DAs are overall in good agreement with the chiral quark model [9] although they differ from those of QCD sum-rule estimates [5, 6, 11] .
For further analysis, it would be interesting to study this process with other vertex function such as the symmetric product ansatz suggested in Eq. (38) of Ref. [53] . The generalization of our findings to the three-point function would also require the analysis of unequal quark and antiquark mass cases.
